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ABSTRACT
We explore what may be learned by close encounters between extrasolar minor bodies like ‘Oumuamua
and the Sun. These encounters may yield strong constraints on the bulk composition and possible
origin of ‘Oumuamua-like objects. We find that such objects collide with the Sun once every 30 years,
while about 2 pass within the orbit of Mercury each year. We identify preferred orientations for the
orbits of extrasolar objects and point out known Solar System bodies with these orientations. We
conclude using a simple Bayesian analysis that about one of these objects is extrasolar in origin, even
if we cannot tell which.
Keywords: comets: general, comets: individual (C/2012 S1 ISON, C/2011 W3 Lovejoy, C/2011 N3
SOHO, 96P/Machholz 1), minor planets, asteroids: individual (‘Oumuamua A/2017 U1)
1. INTRODUCTION
The detection of the interstellar object ‘Oumuamua
on October 19, 2017 (Meech et al. 2017) was a surprise.
Previous studies predicting the number density of inter-
stellar comets in the galaxy were pessimistic that they
would be detected even in the next generation of tran-
sient surveys (Moro-Mart´ın et al. 2009). The detection
of even a single object like ‘Oumuamua immediately im-
plied a vast abundance of interstellar objects (Laughlin &
Batygin 2017; Do et al. 2018), though their exact number
density and size distribution remain uncertain.
Since its discovery, the physical nature of ‘Oumuamua
has been debated, with different lines of evidence point-
ing to an asteroidal composition, while others point to a
cometary origin. A priori ‘Oumuamua was expected to
be an interstellar comet because solar systems likely have
many icy bodies loosely bound in their outskirts. How-
ever, this picture was called into question when ‘Oumua-
mua showed no direct sign of cometary activity while ob-
served in the solar system: no tails, and no dust (Micheli
et al. 2018) or carbon-based molecules (Trilling et al.
2018). These facts pointed away from a cometary ori-
gin, but are far from definitive. Seligman & Laughlin
(2018) have argued that a comparatively thin layer of
material could have insulated ‘Oumuamua’s interior and
prevented the traditional outgassing and brightening ex-
pected of comets.
Recently Micheli et al. (2018) discovered that the ob-
served positions of ‘Oumuamua on the sky as it departs
the solar system were highly significantly inconsistent
with a purely hyperbolic orbit expected of purely grav-
itational forces. Non-gravitational accelerations are not
uncommon among solar system comets (Rafikov 2018a),
and in fact the level of non-gravitational acceleration
is within the range of values observed in the solar sys-
tem. The favored explanation presented in Micheli et al.
(2018) is that there is directed outgassing, i.e. a jet,
causing the non-gravitational acceleration, but because
of unusual dust properties and carbon abundance, no
dust (Micheli et al. 2018) or gas (Trilling et al. 2018)
from ‘Oumuamua has been observed. Rafikov (2018b)
argues that a cometary jet of this sort should generically
cause a rapid evolution in the spin of ‘Oumuamua that
was not observed, unless there is extreme fine tuning of
the lever arm of the jet’s torque. Another possibility
is that the standard estimates for ‘Oumuamua’s albedo
(both its magnitude and isotropy over the surface) are
mistaken, and the object is not as elongated as naively
inferred from the lightcurve. Another related possibil-
ity is that ‘Oumuamua is sufficiently reflective and low
in mass, consistent with its lack of detection in Spitzer
(Trilling et al. 2018), that radiation pressure may affect
its orbit (Bialy & Loeb 2018; Sekanina & Kracht 2018).
As the debate continues between asteroidal and
cometary interpretations, it remains unclear if any firm
conclusions can be reached as ‘Oumuamua itself has
rapidly faded from view on its way out of the Solar Sys-
tem. Hein et al. (2017) has proposed a technically chal-
lenging mission that could use a gravitational assist from
the sun to catch up to ‘Oumuamua for a flyby or in-situ
measurement. More practically, Seligman & Laughlin
(2018) have proposed preparing now for the likely future
discovery of an interstellar object with a favorable or-
bit easily reachable with available rocketry. This would
be particularly feasible for interstellar objects that were
trapped in the Solar System by the gravitational “fish-
ing net” of Jupiter and the Sun which may be identi-
fied through anomalous oxygen isotope ratios (Lingam
& Loeb 2018) or their high inclination orbits (Siraj &
Loeb 2018).
While in-situ exploration would no doubt settle the
question of interstellar objects’ compositions and yield
other interesting discoveries, there may be a cheaper al-
ternative. In this work we explore what may be learned
by interstellar objects that happen to pass close to the
Sun. In section 2 we discuss the expected rate and orbital
parameters of such objects, and in section 3 we comment
on the compositional constraints that may be obtained
in these events.
2. RATES AND ORBITS
The rate of encounters between the solar system and
interstellar objects of number density n moving with typ-
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Figure 1. Expected rates per year of interstellar objects with
perihelion values less than qmax. Each line shows a different as-
sumption about the velocity distribution of interstellar objects -
see Table 1 and text for details. Vertical lines indicate different
categories of near-Sun objects, with objects that directly impact
the Sun (Sundivers) shaded yellow.
ical velocity v is
R = nσv, (1)
where the cross-section σ is dependent on both the ve-
locity of the object far from the Sun and the maximum
pericenter distance of interest qmax,
σ = piq2max
(
1 +
2GM
qmaxv2
)
. (2)
Here the first term is the geometrical cross-section, and
the second accounts for gravitational focusing.
The rate from Equation (1) can be generalized to ac-
count for the full velocity distribution, which we refer to
as f(~v). In this case
R(q < qmax) =
∫ ∫ ∫
f(~v)σ(|~v|, qmax)n|~v|d3~v, (3)
where the integrations are carried out over all possible
values of the velocity vector. The distribution function
of interstellar objects is tied to the velocity distribution
of stars in the solar neighborhood, since the large abun-
dance of interstellar objects inferred by ‘Oumuamua’s
detection necessitate contributions from most stars (Do
et al. 2018). The velocity distribution of stars in the
solar neighborhood is roughly Gaussian, though there is
a correlation between stellar age and velocity dispersion
(e.g. Nordstro¨m et al. 2004). The vertical velocity disper-
sion is smaller than the in-plane motion, and the velocity
distribution is not centered on zero, but related to the
Solar System’s motion with respect to nearby stars. As
discussed by Mamajek (2017), ‘Oumuamua’s inferred ve-
locity as it entered the Solar System was not far from the
canonical velocity of the Local Standard of Rest (here-
after LSR), namely the inverse of the Solar motion in the
frame of the LSR, U,V,W = -7, -11, -10 km/s (Bland-
Hawthorn & Gerhard 2016). Its inferred velocity was
even closer to the mean velocity of the Reid et al. (2002)
M dwarf sample and the XHIP sample of nearby stars
(Anderson & Francis 2012). These velocity distributions
Table 1
Plausible Velocity Distributions (units of km s−1)
U V W σU σV σW
LSR, thin disk -10 -11 -7 35 25 25
LSR, thick disk -10 -11 -7 50 50 50
XHIP -10.5 -18 -8.4 33 24 17
M dwarfs -9.7 -22.4 -8.9 37.9 26.1 20.5
are summarized in Table 1, though we note that the ve-
locity distribution of nearby stars contains substantial
substructure (e.g. Trick et al. 2018), so this Gaussian
model of f(~v) is an approximation. Our fiducial esti-
mates will assume the first line of the table, namely a
velocity centered on the LSR with a dispersion appro-
priate for the thin disk at an age of ∼ 10 Gyr (Bland-
Hawthorn & Gerhard 2016).
Figure 1 shows the cumulative rate of encounters be-
tween interstellar objects and the Sun as a function of
pericenter distance, with vertical dashed lines indicat-
ing various classes of Sungrazing comets as suggested in
the review by Jones et al. (2018). The boundaries in
pericenter correspond to objects that hit the Sun (Sun-
divers), pass within the fluid tidal radius (Sungrazers),
pass within half the semi-major axis of Mercury (Sun-
skirters), and pass within Mercury’s orbit (near-Sun).
The different colored lines show rates assuming differ-
ent plausible velocity distributions, f(~v). While there is
some difference, the uncertainty is dominated by the es-
timate of the interstellar density, which is based on the
detection of a single object.
Assuming the Do et al. (2018) estimate for the density
of interstellar objects leads to rates of close encounters
with the Sun between a few per year and about 1 per 30
years, depending on the exact pericenter distance. This
raises a few interesting prospects, namely the possibility
that one or more near-Sun comets detected in the past few
decades was interstellar in origin, and the high likelihood
that many interstellar objects will have observable close
encounters with the Sun in the coming years.
To address these possibilities, we set out to deter-
mine the expected distribution of the orbits of interstel-
lar objects. We do so via a Monte Carlo method. In
particular, for a given value of qmax, we first draw N
values of the velocity vector from its distribution f(~vi)
where i = 1, ...N . Each of these samples is weighted by
wi = σ(|~vi|, qmax)|~vi|. Then M samples are drawn from
this weighted distribution, i.e. for each draw (which we
shall index by j) a given ~vi is chosen with probability
wi/
∑N
i=1 wi. We use N = 2 × 105 and M = 1 × 105
throughout this work. Having specified the object’s ve-
locity far from the solar system ~vj , we now specify a
spatial position to fully determine its orbit.
First, we determine the object’s location in cylindrical
coordinates with the positive axis of symmetry pointed
in the direction of -~vj . The object’s location along this
axis is taken to be an arbitrarily large number (105 AU).
Within the plane specified by this ‘height’ above the sun,
a coordinate is drawn at random from a disk extending
out to a maximum impact parameter
bmax = qmax
√
1 + 2GM/(qmaxv2), (4)
i.e.
√
σ/pi. This entails drawing a value of the cylindri-
cal coordinate θ uniformly from 0 to 2pi, and the impact
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Figure 2. Orbital Parameters. The bottom four panels show orbital elements for solar system bodies (small black or blue dots). Typical
values for known Sungrazing or Sunskirting groups are marked as red stars, and ‘Oumuamua is shown as an orange triangle. The green
histogram shows the distribution of simulated interstellar comets assuming a velocity distribution far from the Sun centered on the LSR
velocity with velocity dispersions appropriate for the thin disk of the Milky Way. Green circles are Solar System objects that lie within the
greatest density points as estimated by the 3D histogram in Ω, ω, and I. The upper right panel shows the distributions of velocities v∞,
with negative values meaning objects with hyperbolic orbits. Objects with v∞ < −1 km/s are highlighted in pink in the lower four panels.
parameter is set by b = bmax
√
u, where u is drawn from a
uniform distribution between 0 and 1. These coordinates
are then transformed into galactic Cartesian coordinates,
and finally both the position and velocity vectors are
transformed from galactic to solar system cartesian coor-
dinates via the rotation matrix defined in the Gaia DR1
documentation.1. Once transformed into the solar sys-
tem Cartesian coordinates, i.e. the International Celes-
tial Reference System (ICRS), we compute the standard
orbital elements of these orbits, namely the semi-major
axis, eccentricity, inclination, longitude of the ascending
node, and argument of perihelion a, e, i, Ω, and ω, re-
spectively.
Figure 2 shows the distribution of these simulated or-
bits in the green histogram. For comparison we show the
1 https://gea.esac.esa.int/archive/documentation/GDR1/
pdf/GaiaDR1_documentation_D.0.pdf subsection 3.1.7.1.1
sample of comets and asteroids from the JPL small-body
database2 with pericenter q < 0.3 AU (to focus on near-
sun objects), and with orbits determined to be parabolic
or hyperbolic3.
The vast majority of known small Solar System bodies
in this regime belong to the Kreutz group of Sungrazing
comets (Kreutz 1888). This and other groups are clearly
visible as clusters in Figure 2, with orbital parameters of
each from Jones et al. (2018) marked as red stars. These
groups are each likely the result of a large progenitor
body that has since fragmented. These groups are well-
separated from the expected distribution of interstellar
objects, though this is sensitive to assumptions about
2 https://ssd.jpl.nasa.gov/sbdb_query.cgi
3 Queries were limited to be members of Parabolic Asteroid, Hy-
perbolic Asteroid, Asteroid (other), Hyperbolic Comet, Parabolic
Comet, or Comet (other)
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f(~v). ‘Oumuamua itself (shown as the orange triangle)
is not in the peak of the distribution, but is within the
expected range. To quantify this, we estimate the proba-
bility density over Ω, ω, and I by filling a histogram with
the M sample orbits (the same histogram shown in Fig-
ure 2). The resulting probability distribution f(Ω, ω, I)
is normalized so that∫ 2pi
0
∫ 2pi
0
∫ pi
0
f(Ω, ω, I)dΩdωdI = 1, (5)
We highlight known small solar system bodies whose
orbital elements give them values of f(Ω, ω, I) greater
than two thirds of ‘Oumuamua’s value of f , as light
green circles in Figure 2, and in Table 2. In addition
to comets with large values of f(Ω, ω, I), we also in-
clude two near-Sun comets with v∞ < −1 km/s, where
v∞ = sign(a)
√
GM/|a|.
We also estimate the probability that any one is extra-
solar based purely on the orientation of its orbit (obvi-
ously the energy of the orbit would be a stronger indi-
cator, but this is more difficult to measure). We apply
Bayes’ Theorem,
P (ES|~φi) = f(
~φi|ES)P (ES)
f(~φi|ES)P (ES) + fISO(~φi|LPC)P (LPC)
,
(6)
where the angles have been abbreviated ~φi = (Ωi, ωi, Ii),
P (ES) is the prior probability that a given object is ex-
trasolar, P (LPC) is the prior probability that a given
object is a long-period comet (hereafter LPC), and fISO
is constructed in the same way as f(~φ), except that the
velocity distribution from which the simulated comets
are drawn is centered at zero and isotropic with σU =
σV = σW = 1 km/s.
To estimate P (ES), we compare the rate of extra-
solar objects (Equation 3) to the observed rate of dy-
namically new comets. For now we shall proceed un-
der the naive assumption that the two size distributions
are similar leaving P (ES) independent of size. ‘Oumua-
mua has an absolute magnitude of H10 ≈ 22.08 (e.g.
Bolin et al. 2018). If the cumulative number density of
comets is proportional to 10αH10 with α ≈ 0.28 (Hughes
1988; Weissman & Lowry 2001), then extrapolating the
flux of comets of ∼ 1 yr−1 within 5 AU for H10 < 7
to ‘Oumuamua-sized objects, we find a rate of about
1.7×104 yr−1, though the rate may be closer to 103 yr−1
if the slope is shallower, with α = 0.2 as per Ferna´ndez &
Sosa (2012). For different assumptions about f(~v) the ex-
pected rate of ‘Oumuamua-sized objects with pericenters
q < 5AU is about 200 yr−1, keeping in mind the order
of magnitude uncertainty from the background density
being estimated from a single object. This implies that
P (ES) should be between 0.01 and 0.2.
Both interstellar objects and LPCs are subject to grav-
itational focusing, but the lower velocity of the LPCs en-
hances their rate by an additional factor of 2. Since LPCs
also brighten as they approach pericenter, there may be
a bias in composition. If extrasolar objects are rocky or
have a layer of material protecting more volatile-rich in-
teriors, they may be harder to discover than LPCs, in
which case the range of P (ES) estimated purely on the
rates may be more like an upper limit. We therefore con-
servatively adopt P (ES) . 0.01 as the plausible range
for the prior, with lower values corresponding to rockier
compositions, lower intrinsic rates, or steeper faint-end
brightness distributions for LPCs. Table 2 includes esti-
mates of the posterior probability that a given object is
extra-solar in origin p(ES|~φ) under the assumption that
P (ES) = 0.01 for all objects.
3. CLOSE ENCOUNTERS WITH THE SUN
There is a long history of the spectroscopic and narrow-
band study of cometary tails with ground-based tele-
scopes (A’Hearn et al. 1995; Fink 2009; Langland-Shula
& Smith 2011). Generally these studies are able to clas-
sify comets into different groups depending on the in-
ferred production rates of H2O, C2, CN, and NH2 as
well as dynamical properties, which likely reflect forma-
tion in different parts of the protoplanetary disk (Levison
1996). Two comets, 96P/Machholz 1 (Schleicher 2008;
Langland-Shula & Smith 2007) and Yanaka (1998r) have
been shown to have highly depleted CN and C2 relative
to water, leading some to conjecture that they are inter-
stellar in origin (de la Fuente Marcos et al. 2018). The
promise of using close encounters with the sun to learn
about extrasolar small bodies is that the sun has the abil-
ity to disrupt even large cometary nuclei via its intense
radiation, sublimating not just surface volatiles but even
silicates and iron. In principle this exposes the interi-
ors of these objects to remote spectroscopy, which could
place strong constraints on the composition of these ob-
jects.
This has been done a few times, notably with the At-
mospheric Imaging Assembly (AIA Lemen et al. 2012),
an EUV imager aboard the Solar Dynamics Observa-
tory (SDO). AIA successfully observed comet C/2011
N3 (SOHO) in the process of being destroyed (Schrijver
et al. 2012), and observations of comet C/2011 W3 Love-
joy were used as a probe of magnetic structure in the
solar corona (Downs et al. 2013; Raymond et al. 2014).
Lines of variously-ionized iron, oxygen, and carbon hap-
pen to lie in the AIA bands which are centered around
high-ionization lines of iron common in the solar corona
(e.g. Bryans & Pesnell 2012). As the comet loses mass,
the iron and oxygen in the tail are ionized by the corona
and emit light in the different AIA bands. This process is
nontrivial to model, and occurs over only about a minute.
These measurements therefore yield only broad indica-
tions of the comet’s composition. The observations tend
to be well-fit by a model with standard cometary abun-
dances (Bryans & Pesnell 2012; Pesnell & Bryans 2014).
Observations by the Ultraviolet Coronograph Spectrom-
eter (UVCS) (Kohl et al. 1995) aboard the Solar and
Heliospheric Observatory (SOHO) have also been used
to constrain the abundance of silicates sublimating from
C/2011 W3 (Raymond et al. 2018), though UVCS is no
longer operational.
Directed observations by the AIA for the well-studied
comet C/2012 S1 (ISON) yielded no detections, which
serves as a cautionary tale for the study of sungrazing
comets with this method; likely the nucleus lost so much
mass that by the time it reached the AIA field of view
its surface area, and hence volatile production rate, had
decreased below the detectable level (Bryans & Pesnell
2016) - this size was only modestly smaller than ‘Oumua-
mua’s. Another telescope with the potential to observe
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Table 2
Known comets that line up well with the expected properties of interstellar objects
Full Name q (AU) e I (deg) Ω (deg) ω (deg) v∞ (km/s)a 4pi3f(~φ) p(ES|~φ)b
C/1865 B1 (Great southern comet) 0.03 1.0 92.49 254.83 111.72 - 4.17 0.0338
C/2006 P1 (McNaught) 0.17 1.0000190685 77.84 267.41 155.97 -0.31 3.43 0.026
C/2011 L4 (PANSTARRS) 0.3 1.00003268452 84.21 65.67 333.65 -0.31 3.06 0.0192
C/1689 X1 0.06 1.0 63.2 283.75 78.13 - 2.87 0.0181
C/1970 B1 (Daido-Fujikawa) 0.07 1.0 100.18 30.61 266.65 - 2.69 0.0131
C/1665 F1 0.11 1.0 103.89 232.7 156.09 - 2.69 0.0205
C/1677 H1 0.28 1.0 100.93 241.32 99.16 - 2.69 0.0238
C/1910 A1 (Great January comet) 0.13 0.999995 138.78 90.04 320.91 0.19 2.59 0.0535
C/1884 A1 (Ross) 0.31 1.0 114.98 265.99 138.6 - 2.5 0.0222
C/1851 U1 (Brorsen) 0.14 1.0 73.99 46.43 294.45 - 2.5 0.0265
C/1577 V1 0.18 1.0 104.88 31.24 255.67 - 2.41 0.0198
C/2002 X5 (Kudo-Fujikawa) 0.19 0.999842855646 94.15 119.07 187.58 0.86 2.32 0.0131
‘Oumuamua (A/2017 U1) 0.26 1.2011337961 122.74 24.6 241.81 -26.41 2.22 -
C/1997 B4 (SOHO) 0.06 1.0 132.78 56.2 272.4 - 2.04 0.0129
C/2000 J2 (SOHO) 0.03 1.0 146.61 32.19 272.21 - 2.04 0.0241
C/2001 N1 (SOHO) 0.01 1.0 95.09 302.92 114.59 - 2.04 0.0137
C/2000 Q1 (SOHO) 0.06 1.0 87.14 256.11 83.66 - 1.94 0.0131
C/1882 F1 (Wells) 0.06 0.999993648982 73.8 206.59 208.98 0.3 1.85 0.0125
C/1945 W1 (Friend-Peltier) 0.19 1.0 49.48 326.2 216.71 - 1.85 0.0125
C/1859 G1 (Tempel) 0.2 1.0 95.49 359.31 282.0 - 1.76 0.0126
C/2007 M8 (SOHO) 0.05 1.0 82.04 288.26 228.58 - 1.76 0.0091
C/2005 Q6 (SOHO) 0.04 1.0 50.4 156.59 299.54 - 1.76 0.0209
C/2017 S3 (PANSTARRS) 0.21 1.00476984465 99.1 171.2 255.67 -4.51 1.76 0.0086
C/1989 W1 (Aarseth-Brewington) 0.3 1.00009317367 88.39 345.91 205.26 -0.52 1.67 0.0128
C/2005 M3 (SOHO) 0.04 1.0 88.99 140.98 247.5 - 1.67 0.01
C/1975 V1-A (West) 0.2 0.999971 43.07 118.92 358.43 0.36 1.57 0.0187
C/2000 Y7 (SOHO) 0.02 1.0 89.02 228.93 89.13 - 1.57 0.0094
C/2000 Y6 (SOHO) 0.03 1.0 87.3 229.47 88.03 - 1.57 0.0094
C/1874 D1 (Winnecke) 0.04 1.0 58.89 32.05 269.51 - 1.57 0.0187
C/1853 R1 (Bruhns) 0.17 1.000664 119.0 222.12 277.84 -1.85 1.3 0.0074
C/2012 S1 (ISON) 0.01 1.00020100383 62.4 295.65 345.53 -3.78 1.11 0.0052
aBased purely on instantaneous estimates of a; comets with v∞ < 0 may in fact be bound to the Solar System.
bAssuming a prior P (ES) = 0.01
sungrazing comets is the forthcoming Daniel K. Inoue
Solar Telescope4 (DKIST). DKIST will observe the sun
at high spatial and temporal resolution, and is equipped
with multiple spectro-polarimeters. Although its field
of view is comparatively small, detection of sungrazing
comets sufficiently early will likely enable the telescope
to be pointed away from its usual target, as the AIA did
to observe C/2012 S1. DKIST’s capabilities in this realm
may be limited by its lack of a coronograph (Jones et al.
2018), but its unprecedented sensitivity and resolution
may yield interesting discoveries.
These examples illustrate the value of obtaining spec-
tral or narrow band imaging from Sungrazing comets in
the UV, but also illustrate some of the difficulties of do-
ing so. The relatively small number of observations is
the result of the challenge of identifying these comets
sufficiently far in advance. Even Kreutz group comets,
for which the approximate rate and orbital parameters
are reasonably well-known, have rarely been identified in
ground-based surveys (Knight et al. 2010; Ye et al. 2014).
Undoubtedly this will change with the Large Synoptic
Surey Telescope (LSST Schwamb et al. 2018), and we
can expect the detections of interstellar objects and Sun-
grazing comets to increase dramatically. Direct impacts
with the sun, while rare, may also yield substantial infor-
mation as the comet is rapidly destroyed (Brown et al.
2011, 2015).
4 https://dkist.nso.edu/
4. CONCLUSION
We have examined the rate and orientation of orbits for
extrasolar comets that have perihelion distances within
the orbit of Mercury. While the first confirmed interstel-
lar object, “Oumuamua, has unclear composition and
origin, future interstellar visitors have the potential to
shed light on this mystery, especially if they happen to
pass near the sun. Experience with past Sungrazers sug-
gests that discovery from the ground is a crucial compo-
nent to obtaining compositional information about the
deep interior of the object’s nucleus, so LSST will likely
prove crucial in this regard. Among known comets that
have passed close to the sun, none are paritcularly likely
to have been extrasolar in origin, and hence our observa-
tions of these comets sheds little light on the question of
‘Oumuamua’s composition. Nonetheless, we expect that
perhaps one of these comets may in fact be interstellar in
origin. Future spectroscopy of the gas evaporated from
such comets could shed new light on the nurseries of the
large-than-expected population of ‘Oumuamua-like ob-
jects.
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